Hydrogen oxidation on Pt ͑111͒ surface is modeled by density functional theory ͑DFT͒. Previous DFT calculations showed too large O 2 dissociation barriers, but we find them highly coverage dependent: when the coverage is low, dissociation barriers close to experimental values ͑ϳ0.3 eV͒ are obtained. For the whole reaction, a new pathway involving hydroperoxyl ͑OOH͒ intermediate is found, with the highest reaction barrier of only ϳ0.4 eV. This may explain the experimental observation of catalytic water formation on Pt ͑111͒ surface above the H 2 O desorption temperature of 170 K, despite that the direct reaction between chemisorbed O and H atoms is a highly activated process with barrier ϳ1 eV as previous calculations showed.
I. INTRODUCTION
The oxidation of hydrogen on platinum surface is a famous example of catalytic reaction. On contact with Pt ͑111͒ surface, gaseous H 2 and O 2 react at room temperature or below to produce water. Being a well-defined and characterized "model" system, this reaction is of fundamental importance to catalysis and electrocatalysis. Many theoretical calculations have been performed in the framework of density functional theory ͑DFT͒, not only for the whole reaction, 1 but also its elementary steps such as O 2 adsorption and dissociation.
2-4 While these calculations have contributed a great deal to our understanding, a complete reconciliation with experiments is not yet achieved. In particular, the predicted O 2 dissociation rate appears to be too slow compared to experiments, as well as the rate of H 2 O formation above the water molecule desorption temperature T des , which is ϳ170 K on Pt͑111͒ surface under ultrahigh vacuum ͑UHV͒ condition.
Völkening et al. observed hydrogen oxidation reaction in progress with scanning tunneling microscope ͑STM͒ and high-resolution electron energy loss spectroscopy ͑EELS͒. 5 Two distinct temperature regimes were seen. Below T des , the adsorbed water has an autocatalytic effect and the oxidation occurs via disproportionation reactions. Above T des , when water does not stay on the surface, it was postulated that water is formed by successive additions of adsorbed H ͑H Michaelides and Hu studied this reaction pathway by DFT, starting from chemisorbed O * and H * atoms. 1 They found that reaction ͑1͒ is a highly activated process, with an activation barrier of 0.94 eV. The barrier of reaction ͑2͒ on the other hand is very small, only 0.21 eV.
However, this scenario does not seem to be congruent with the experimental observation 6 that Pt is still a potent catalyst above T des . Taking T = 200 K ͑Ref. 6͒ and trial frequency =10 12 2−* at fcc site͒, in excellent agreement with experiments. However, they also found that the O 2 * dissociation barriers were 0.8-0.9 eV, 2,3 which is definitely contradictory to the low experimental O 2 dissociation temperature estimated to be ϳ150 K. 13 Nolan et al. used EELS and molecular beam techniques to examine high translational energy adsorption of oxygen and estimated the dissociation barrier to be 0.29 eV. 17 Šljivančanin and Hammer recalculated the O 2 * dissociation barriers on flat Pt ͑111͒ surface and found the lowest barrier to be 0.6 eV, 18 which is good improvement.
the disagreement of slab calculation with experiments in O 2 * dissociation still exists and needs further study.
In this paper we use DFT to study the whole reaction process of water formation, starting from the adsorption of O 2 and H 2 on Pt ͑111͒. We resolve the two contradictions described above by searching for different reaction paths and checking the dependence of the energetics on adsorbate coverage. The latter could be fulfilled by changing the unit cell used in the calculation. In Sec. II, we give details of the calculation method. In Sec. III A, we discuss the problem of O 2 adsorption and dissociation. We verify the calculation by Michaelides and Hu for the ͑1͒ + ͑2͒ reaction in Sec. III B, then provide a new pathway starting from the direct protonation of O 2 * in Sec. III C. The results are summarized in Sec. IV.
II. COMPUTATIONAL METHOD
The calculations are performed using the Vienna ab initio simulation package ͑VASP͒ which is an efficient DFT code for extended systems. 19, 20 We use the projector augmented wave ͑PAW͒ approach, 21, 22 with Perdew-Burke-Ernzerhof ͑PBE͒ exchange-correlation functional. 23 The PAW potentials are generally more accurate than the ultrasoft ͑US͒ pseudopotentials 24, 25 because the radial cutoffs ͑core radii͒ are smaller than the radii used for the US pseudopotentials and because PAW implicitly invokes the exact valence wave function with all nodes in the core region during the variational minimization. In all cases, the calculations are performed in spin-polarized condition with the plane wave expansion truncated at a cutoff kinetic energy of 400 eV.
The Pt ͑111͒ surface is modeled as a four-layer slab, separated by five layers equivalent of vacuum. In the most basic setup, we use a rectangular ͱ 3 ϫ 2 unit cell ͓leading to a c͑4 ϫ 2͒ structure͔ where there are four Pt atoms in each layer, and we use a Monkhorst-Pack k-point grid of 4 ϫ 4 ϫ 1 for Brillouin-zone integration. 26 To check the effect of adsorbate coverage, we also increase the size of calculation supercell to 2 ͱ 3 ϫ 4 ͓c͑8 ϫ 4͔͒ where there are 16 atoms in each layer, with a 2 ϫ 2 ϫ 1 Monkhorst-Pack grid. All calculations are performed at the equilibrium Pt lattice constant of 3.977 Å as found from VASP geometry optimization ͑experi-mental lattice constant is 3.92 Å͒, while Pt atoms on the top two layers and the adsorbate atoms are allowed to relax freely. Figure 1 shows the surface unit cell and some special sites on it ͑t-top, b-bridge, f-fcc hollow, and h-hcp hollow͒.
Reaction pathways are searched with the climbing image nudged elastic band ͑CI-NEB͒ method. 27 The nudged elastic band ͑NEB͒ is a method for finding saddle points and minimum energy paths between known reactants and products. 28, 29 The method works by optimizing a number of intermediate images along the reaction path. Each image finds the lowest energy possible while maintaining equal spacing to neighboring images. This is done by adding spring forces along the band between images and by projecting out the force component parallel to the band due to the interatomic potential. The CI-NEB is a small modification of the NEB method in which the highest-energy image is driven up to the saddle point, trying to maximize its energy along the band and minimize in all other directions. When the algorithm converges, the highest-energy image will be at an exact saddle point, so less number of intermediate images is needed in CI-NEB than NEB. In this work, four intermediate images are used in searching for the saddle point of each elementary reaction step mentioned below, and the spring constant between adjacent images is 5.0 eV/ Å 2 .
III. RESULTS

A. H 2 and O 2 adsorption and dissociation
In ͱ 3 ϫ 2 unit cell, when H 2 molecule is close to the Pt surface, it would immediately dissociate into two H atoms adsorbed to the surface during relaxation, which means that there are no or very low dissociation barriers. It is found that H atoms preferentially occupy hollow sites. Nevertheless, the difference in adsorption energy between various sites is very small, less than 0.02 eV. All these results agree well with previous DFT calculations. 12, 30 For oxygen in ͱ 3 ϫ 2 unit cell, we first obtain the three chemisorbed O 2 * precursors, 2 shown in Fig. 1 . Precursor I sits on the bridge site with molecular axis parallel to the surface and each oxygen atom binding to one Pt atom near the top site. Precursor II ͑III͒ sits on fcc ͑hcp͒ hollow site with one oxygen atom binding to Pt atom near top site and another binding to two Pt atoms at the bridge site, respectively. The geometrical parameters are listed in 2− . The stability ranking of charged adsorbates is of course a function of the electrical double layer ͑EDL͒ that spans the adsorbate and the surface, or equivalently the surface work function which is coverage dependent. 31 Present results may switch order at some other Pt potentials.
We then increase the unit cell to 2 ͱ 3 ϫ 4 and find the adsorption energy increases by ϳ0.1 eV for O 2 at fcc site but is almost unchanged for the other two sites. The dissociation energy of O 2 * is calculated by placing two O atoms in two neighboring fcc or hcp hollow sites. Surprisingly, Table II shows that it increases a lot from the small unit cell to the large unit cell, especially for O atom at fcc hollow site, 32 This indicates the strong dependence of O atom adsorption energy on O coverage. It should also affect the dissociation barriers according to Bronsted-Evans-Polanyi relation. 33 The next step is to calculate the O 2 dissociation barrier. From the above we think that when the unit cell is small there may be strong lateral interactions between O * 's, which may be mediated via the competition for metal's electron. To minimize this effect on O 2 dissociation, we first use 2 ͱ 3 ϫ 4 unit cell to calculate the dissociation barrier. O 2 * at bridge site is used as the initial state, and the final state will be two O * in two hollow sites. Although O * is much more stable at fcc hollow site than at hcp hollow site, two O * at two hcp hollow sites could also be the final state of oxygen dissociation since it is also a local minimum and can be an intermediate state along the whole reaction path. For this reason, two different reaction paths are chosen, which are from bridge site to two fcc hollow sites and from bridge site to two hcp hollow sites, respectively, as shown in Fig. 2 . In the first path, O 2 molecule rotates towards the fcc hollow site with one oxygen atom still bonding with Pt near the top site and stays molecular at the transition state. In the second path, oxygen molecule rotates towards the hcp hollow site in a similar way. However, at the transition state oxygen-oxygen bond is already broken. The geometries are given in Table  III . The barrier energies are 0.37 and 0.27 eV for path 1 and path 2, respectively. These low dissociation barriers agree well with several experimental results. 13, 17 However, if the unit cell decreases to ͱ 3 ϫ 2, although the geometries of the saddle points do not change very much, the dissociation barriers increase a lot. The barrier of path 2 mentioned above increases to 0.52 eV, which again illustrates the strong dependence on oxygen coverage. This could also explain the overestimation of the dissociation barrier by previous DFT calculations. In Eichler and Hafner's calculation, the unit cell was ͱ 3 ϫ 2 and the activation energy was explored only on fixed paths.
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2 In Šljivančanin and Hammer's calculation, 18 a larger unit cell was used, but it was still smaller than 2 ͱ 3 ϫ 4. Generally a trend can be identified here that when O 2 coverage is small, it is much easier to dissociate.
B. Water formation from chemisorbed O * and H * atoms
After obtaining the chemisorbed O * and H * atoms, the work that remains is just to add H * to O * one by one. The calculations have been performed by Michaelides and Hu, and they are repeated here just for consistency check. The energetic results from both sources are almost identical, as shown in Table IV .
The detailed reaction path in ͱ 3 ϫ 2 unit cell is shown in
Figs. 3 and 4 and some important geometrical parameters are * atom diffusion barrier from the fcc site to the neighboring hcp site to be 0.62 eV, which is a significant fraction of the reaction ͑1͒ barrier. After OH formation, adding another H to it is very easy. As shown in Fig. 4 , during reaction ͑2͒ O atom always stays close to the top site and only H * atom needs to make large movements, which costs small amount of energy as calculated in Sec. III A. We also check the coverage effect on the barrier of OH formation and find that it just increases a little, from 0.91 to 1.0 eV, when the unit cell changes to 2 ͱ 3 ϫ 4. This means the coverage dependence of reaction ͑1͒ is smaller than that of oxygen dissociation.
C. Water formation from chemisorbed O 2 * molecule and H * atoms
In Sec. III B, the barrier of OH formation seems too high for Pt to be a reasonably good catalyst above T des ϳ 170 K. There may be some explanations for this; for example, there could be other sites such as steps, kinks, and other defects. 34 However, here we offer a possible intrinsic mechanism. It involves the direct protonation of O 2 * molecular precursors ͑Table VII͒, O 2 * + H * → OOH * , ͑3͒ followed by
and then reaction ͑2͒, because O 2 * has a finite lifetime on the platinum surface. Indeed, as shown in Sec. III A, the O 2 * dissociation barrier is strongly dependent on the coverage, so O 2 * may exist for much longer time on Pt ͑111͒ surface if P O 2 is large. The Langmuir-Hinshelwood pathway we propose here differs from the Eley-Rideal pathways studied theoretically before, [7] [8] [9] in that H * is already adsorbed on the surface 
which is initially absorbed separately on Pt surface. The notation follows Table III . All lengths are in angstroms. Table VIII . Although there are large movements of the two O atoms, they always stay bonded during the whole process, and it costs only 0.42 eV energy to reach the saddle point.
In the next step, there are two possible choices: one is that OOH * dissociates to one O * and one OH * , but then it comes back to the previous reaction pathway where there is still a large barrier to form OH * from isolated O * ; the other is directly adding another H atom to this OOH * to form two isolated OH * . The minimum energy path is shown in Fig. 6 and some geometrical parameters are given in Table IX . Ini- The whole reactions ͑1͒ + ͑2͒ and ͑3͒ + ͑4͒ + ͑2͒ are compared in Fig. 7 . Obviously, no matter which catalyst and which path are chosen, the total reaction energy should be a constant, which is −5.08 eV from isolated molecule DFT calculations with the parameter setting described in Sec. II. However, this number cannot be obtained by simply adding the individual step reaction energies, due to lateral interactions in the small calculation cell. For example, in ͱ 3 ϫ 2 unit cell, if we compare the energy of surface plus one adsorbed O * atom, surface plus one absorbed H * atom, and surface plus both adsorbed O * and H * atoms, it is found that there is a repulsion energy of 0.12 eV between O * and H * . So the real reaction energy of ͑1͒ should be added by 0.12 eV in ͱ 3 ϫ 2 unit cell. By adding this kind of corrections to the initial and final states of all elementary reaction steps, the whole reaction paths are drawn in Fig. 7 , where the net reaction energy is −5.08 eV in both cases.
IV. CONCLUSION
In this paper we offer possible resolutions of two contradictions that have existed between experiments and DFT calculations concerning hydrogen oxidation on Pt ͑111͒ surface. First, although oxygen molecules are known to dissociate at ϳ150 K under UHV condition experimentally, previous calculations gave quite large O 2 * dissociation barriers. In our study we find that this may result from the usage of small unit cell in calculation. If the unit cell is large enough ͑2 ͱ 3 ϫ 4 in our case͒, the O 2 * dissociation barrier becomes reasonable ͑ϳ0.3 eV͒. This also indicates strong dependence of the O 2 * dissociation barrier on oxygen coverage. Second, previous DFT study on the OH formation showed that there is a reaction barrier as high as ϳ1 eV. In our study, we verified that this value is correct for the reaction path proposed, and that it is not very coverage sensitive. But we propose a new reaction path of directly protonating O 2 * via the Langmuir-Hinshelwood mechanism to form OOH * ͑hy-droperoxyl͒, which only involves an energy barrier of ϳ0.4 eV. This path may be important when P O 2 and P H 2 are both high. 
